INTRODUCTION
Porous media, such as wood, felted fibers, foam.ed ceramics, glasses, plastics, and elastomers, are valuable in the dissipation of impulsive releases of energy. Such materials have been used for this purpose in bombproof shelters, explosive magazines, chemical plants, and other installations where explosions are to be anticipated. A recent application has been made in the construction of blast shields for nuclear reactors. Here, in case of an accident, the blast shield must protect not only relatively distant persons and property but also the very close outer container of the reactor. This container must be protected so completely as to maintain a very low leakage rate after the explosion.
Designers of blast shields must allow, on the one hand, for a variety of convulsive events, many of which may be visualized but only qualitatively characterized, and on the other hand, for the lack of quantitative data regarding the most pertinent properties of the materials to be used. As a result they must resort to the use of large "factors of ignorance". The consequent overdesign of blast shields is a significant factor in the high cost of nuclear power installations. As a part of the AEC's Reactor Containment Program a technique has been devised for the measurement of some of the quantities connected with the behavior of porous media when they are rapidly compressed.
Pressure pulses are transmitted through structures as compression waves. The presence of porous media in a structure results in the modification of compression waves in three ways:
(a) In a "sandwich structure" of a porous material and a dense, rigid material, the wave impedance mismatch between the materials result in reflections of the waves at interfaces causing extremely rapid attenuation of shock fronts and of short, highly peaked compression waves.
(b) The compression of most porous materials is largely irreversible so that a large fraction of the work done in compression then becomes unavailable as mechanical energy, _ 1 .
ARFD132D11-1 Reactors • >• General (c) Where the relationship between stress and strain is non-linear, the form of a compression wave changes progressively. The nature of this change depends, of course, upon the nature of the non-linearity of the stressstrain curve.
The designer of a blast shield must consider all three of these effects. The magnitude of the first can be approximated in terms of the ratio of the wave impedance of the dense medium to that in the porous medium, the wave impedance being defined as the product of the density and the wave propagation velocity. Densities of materials are readily determined and wave propagation velocities for most of the dense media used have been measured. Propagation velocities of waves of the amplitudes of interest in the porous media are not in the literature.
The second effect is related to the ratio between the energy expended in compressing the material and that recovered in its expansion. This latter may be evaluated either in terms of a measureable "coefficient of restitution", or as the difference between the integrals under the stress-strain curves in compression and expansion. To assess the stress patterns resulting from the last effect named, a knowledge of the stress-strain curve is, of course, required. Knowledge of this curve, in fact, would provide all of the other information needed. If the stress-strain curves were unrelated to time or strain-rate, a simple static test would yield all of the needed data. However, there is good reason to believe that the resistance of many porous media to compression is related to the rate of compression. Dynamic stress-strain data for the porous media to be used is necessary for reasonably optimum designs of blast shields. The present report describes an experimental technique which has been devised for the acquisition of such data.
II. EXPERIMENTAL ARRANGEMENT AND PROCEDURE
Dynamic stress-strain data are acquired for each material by a series of experiments arranged as shown schematically in Fig. 1. Figures 2, 3 , and 4 are photographs of the apparatus in various stages of assembly. Figures 5, 6 , and 7 are photographs of some typical specimens before and after tests.
Essentially, in each experiment a metal driving plate is accelerated by a charge of low-density explosive; the plate compresses a specimen of the material being investigated; and the motion of the plate is retarded by the , _ ARF D132D11-1 Reactors -General resistance to compression of the specimen. A "smear"'*" camera is used to record the motion of the plate and of the lines of a "reference grid" which is stencilled on the specimen. The acceleration of the plate by explosive is so nearly instantaneous that the acceleration time is barely resolved by the smear cam.era. The subsequent negative acceleration by the action of the specimen, which shows as a quite measurable curvature of the smear camera record, is a measure of the pressure exerted upon the driving plate by the specimen and hence of the stress within the specimen. For each point on the wave then, it is possible to m.easure the displacement of the plate which is proportional to the strain of the specimen; the first time derivative (or slope) which is proportional to the rate of strain; and the second time derivative for curvature) which is proportional to the stress in the material.** Dynamic stress-strain data are thus obtainable. Each record, of course, gives a stress for a different rate of strain at each strain level. By varying the mass of the driving plate, the quantity of explosive used and the thickness of the specimen, stress may be measured over a network of strains and rates of strain whereby closely spaced data points over an extended area are obtained,
III. TYPICAL RECORDS AND INFORMATION OBTAINABLE
Figures 8^ 9? and 10 are typical records of experiments described above. The change in the distance between the driving plate and anvil, the rate of their relative motion and the curvature of the line denoting the locus of the driving plate-specimen interface are reduced to strain, strain-rate and stress.
The coefficient of restitution can be obtained directly fromi the initial and final velocity of the plate relative to the anvil. Although this quantity, which may be directly applicable in blast shield design, can also be obtained by integration of the stress-strain curve, this directly measured quantity is clearly more accurate.
*In a smear camera the im,age of a m.oving object or phenomenon is focused on a diaphragm which has a slit cut in the direction of the motion. The optical system beyond the "slit plane" is so arranged that a relative motion, perpendicular to the slit, is induced between the film and the image of the slit. A "smear" cam,era thus gives a time-displacement record of all objects or phenomena which are visible through the slit.
These simple relationships are based on the assum,ptions that the plate is rigid and the porous medium massless. The errors introduced by these assumptions may be assessed by comparing the elastic moduli and specific gravity of the media. For instance^ those of steel are 30,000,000 psi and 7. 8 which may be compared with 500 to 1000 psi and 0.29 for a typical insulating wallboard. The propagation of compression waves is clearly visible as the progressive displacement of the reference lines on the edge of the specimen. The multiple reflections of compression waves in the record of the test of the insiilating board ( Fig. 8 ) are apparent for several reverberations. Compression waves in wood (Figs. 9 and 10) propagate at a much higher velocity than those in insulating board but are also much more rapidly attenuated. In Fig. 10 , note the modification of the wave form as the wave progresses from top to bottom as evidenced by the change in shape of the "S-kink" in the reference grid line. Figure 9 is a record of an experiment with a specimen cut at a skew with the grain. The uneven spacing of the lines which develops is probably due, not to uneven compression of the wood, but to slippage along ring boundaries (see Figs. 6 and 7).
Both wave propagation velocity and particle velocity can be measured almost point-to-point over the area of a record such as Fig. 8 , Compression wave hydrodynamics maybe applied to reduce these data to pressure-density data. The "strain-rate" can be calculated from the curvature of the traces of the reference grid lines. Note that this curvature is always less abrupt than that of the driving plate-specimen interface. The idealized, "infinitely steep", shock of hydrodynamic theory would show as an angle rather than a curve.
IV. ANALYSIS AND INTERPRETATION
For each record, tneasurements are made of the displacement, slope and curvature of a line by tracing the path of the image of some identifiable point on the driving plate. Assuming that the plate is incompressible, the curvature of such a line is proportional to the acceleration of the plate (see Appendix A for numerical methods used). Assuming that the acceleration is due entirely to the resistance of the specimen, this acceleration is reduced to stress. Assuming that the material is uniformly compressed, the proportional total change in the distance between the driving plate and the anvil is taken as the strain and the rate of this change as the strain-rate. For each experiment a stress-strain curve (Fig. 11 ) and a strain versus strain-rate curve ( Fig. 12) 
STRAIN vs STRAIN RATE CURVES FOR INSULATING WALLBOARD UNDER VARIOUS EXPERIMENTAL CONDITIONS
of the weight of the driving plate as well as the properties of the material being tested. A logical means of separating the general properties of the material from the specific effects of the choice of experimental conditions is to construct a three dimensional plot of stress versus strain-rate versus strain (Fig. 13) . Note that the curves do not fall within the same surface.
It is apparent that the stress is a function of another quantity in addition to the strain and the strain-rate. A system of coordinates which suggests itself is stress versus strain versus average strain-rate (or the quotient of total strain by elapsed time). Such a plot has been constructed as shown in Fig. 14. The data, plotted in these coordinates reveal some interesting characteristics. First, note that in the strain-strain time coordinates the curves are almost right angle turns. Each record gives a stress-strain curve for a nearly constant average strain-rate followed by what looks like a stress inverse time curve for nearly constant strain.
An interesting surface is generated by the points on the constant average strain-rate legs of the curves. The stress-strain curves in Fig, 15 for various average rates are only short extrapolations from the experimental curves. The curvature in the constant strain planes in Fig, 16 is somev;/hat unexpected. Note that, at each strain, the stress reaches a maximum at some Until the technique is refined to the point where it becomes significant, this error "mil be ignored. Another error introduced by the mass of the specimen is that due to progressive rather than uniform compression. In wood. Figs. 9 and 10, the wave traverses the specimen rapidly and is darnped so quickly that the reflected shock is not discernable. Here, the assumiption of uniform compression is quite accurate except for the first few microseconds. In the 'Aallboard fFig. 8} however, the compression wave can be seen as it is re~
IJectfcd by the anvil and the driving plate for several reverberations. In the analysis which has been made the compression of the wallboard was considered to be a combination of uniform compression and vibration.
In a few records in which the wave transits and reflections are quite pronounced and require a period of time of the order of hundreds of microseconds to damp out Jsee Fig. 8 ), the calculation of an average strain over the total length of the specimen marks som.e of the details of the propagation phenomena at early times, but the objective of the analytical procedxire here is to obtain gross stress-strain-time data for the test laminae.
The effect of the vibrations was eliminated from the analysis by smoothing the velocity curve before differentiating to find the stress. Note that the waves of compression tend to "wash out" with time. The most serious effects of the vibrations are in the early part of the compression^ where the forces are too small to be of major practical interest, and determinations of stress based on the curvature of a nearly straight line are inaccurate. In this region the local relationships between stress and strain may be obtained by using some of the fundamentals of wave theory.
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where the subscripts (1) and (2^» refer to conditions in front of and behind the wave, respectively The strain at any point is, of course, equal to
{P •-fi )l^
, where J^ is the density of the uncompressed material. From conservation of momentum, it follows that (S^ -S.) the change in stress across a wave front is equal to
The local rate of strain may be computed from the curvature of the trace of the grid line since, differentiating equation (1) "dF -^D-^ "dt ^^^ By using equations (1), (2}, and (3), to interpret measurements from records obtained in these experiments, it is possible to characterize a compression wave as it propagates through a material and to observe its decay and modification.
In addition to these more detailed data it is, of course, possible to obtain coefficients of restitution An interesting relationship (see Table I ) may be noted in such numbers as obtained from the same records as in constructing the three dimensional plots mentioned above. Note that the coefficient of restitution decreases as the maximum stress increases. This maybe expected, since, at a higher stress, a larger part of the work might contribute to permanent structural damage.
V. CONCLUSION
The technique described herein may be used to obtain data regarding the behavior of porous media when they are rapidly compressed. Data which can be obtained include relationships between stress and strain under dynamic conditions, coefficients of restitution, compression wave velocities, decay rates and wave form modifications. Although there is still room for improvement and refinement, the present technique can be used to produce data needed by, and not previously available to, designers of blast shields and similar structures.
The data presented herein are prelimiinary, included mainly to illustrate the usefulness of the technique It maybe noted, however, that they leave little room for doubt regarding the value of porous materials in the absorption of shock energy
The coefficients of restitution are velocity ratios. Since the kinetic energy varies as the square of the velocity, between 90 per cent and 96 per cent of the initial kinetic energy was absorbed in the cases cited in Table I. -21 -ARF D132D11-1 Reactors -Gene.al,
The acceleration values were obtained by numerical differentiation Several techniques were tried in the search for the best one that would fit our needs. To find the first derivative, a simplified version of a model of a differentiating machine designed by A Elmendorf was used. In this procedure a plane surface mirror is used to determiine the tangent. The mirror is placed across the curve so that the curve and its image form a continuous unbroken line Then the surface of the mirror will be exactly nornmal to the curve, and a perpendicular to this at the point of intersection of the mirror and the curve will give the direction of the tangent line and, hence, the first derivative If the surface of the mirror deviates even slightly from the normal, a break will occur at the point were the image and curve join. Although the method yields a fairly high degree of accuracy, it was rejected since it was a slow and eye-straining process.
Another method tried was that of using a table of coefficients to ob-Z tain the second derivative without differences . This included the use of a three-point parabolic interpolating function as well as four, five, and six-point formulas> This method was unsatisfactory since it involved a large number of multiplications and the resulting acceleration-time curves were quite irregular> The method finally used was the simple one of taking differences to obtain the first derivative or velocity
The velocity versus time points were plotted and a smooth curve drawn. With the smoothed velocity-time data, differences were again applied to obtain the accelerations. The length of Estimates have been made of the maximum energy which might be liberated by a violently malfunctioning reactor. For blast shield design purposes, it has been assumed that the possible rates of such reactions cover the whole spectrum. The resulting pressure pulse duration can be classified in terms of wave transit in a blast shield sandwich structure.
At the one extreme is a pulse which is short compared with the transit time for a wave in a lamination.. The primary shock wave resulting from such a pulse is rapidly attenuated at the mismatched interfaces. The pulse imparts, to each unit area of the structure, momentum equal to its pressuretime integral which, as the local reverberations dainp quite rapidly, appears as a gross movement of the first dense lamination. If the "sandwich" is considered as a one dimension structure and the light lamina are completely elastic'" in their behavior, this momentum will be transmitted through the structure as a "gross movement wave" whose length is approximately the thickness of a pair of laminations. If the laminations are not bonded together nor are otherwise restrained, the last pair will "spall" from the end, carrying all of the momentum with it. If the lamina are completely inelastic in their behavior, all material behind the advancing wave front will have the same velocity, which can be readily calculated from conservation of momentum. The wave forin is determined by the equations of state or stress-strair relationships of the materials. The dense media used in blast shields are so much less compressible than the light media that they can be considered to be completely rigid. If the light medium is elastic and linear, the wave approximates a sinusoid. If the light medium is inelastic, the wave form becomes skewed. Upward convexity of the stress-strain curve results in a broadening of the pressure-time pulse and upward concavity results in peaking. The mechanism of this modification is similar to that which causes the "overshoot" of step waves discussed below^ _ . "Elastic" here is used in the sense that the relationship between pressure and density during expansion is the same as during compression. Hook-.'s law behavior is not necessary.
The other extreme is a pulse for which the rise time is long compared with any vibration, relaxation, or reverberation period in the system.
The "blast shield" does not function as such under these circumstances. It may serve as an auxiliary container which is subject to static stress analysis.
A combination of these extremes is the "step wave" whose rise time is short coiTipared with the lainination transit period but whose duration is long compared with any of the system periods. The stresses in a structure subjected to a step wave must "overshoot" the equilibrium stresses due to the effect of a static pressure at the same level. The degree of this "overshoot" depends upon the stress-strain relationships of the materials of the structure as well as the design of the structure. For simplification consider a segment of a structure which consists, essentially, of a freely moving metal plate separated by a layer of porous material from a rigid surface (see Fig.. 17) . A "step wave" is applied to the free tnetal surface. It is assumed that the load is applied to the structure through a gas. The wave is transmitted through the metal as a shock wave. As the wave reaches the interface, if, the acoustic impedance mismatch between metal and porous medium is very large (a typical ratio might be of the order of a few hundred) a shock of almost negligible amplitude is transmitted to the porous medium. Most of the energy of the initial shock is retained in the metal as vibrational energy. Ignoring these reverberations (typical frequency about 100 KC, typical amplitude 0,001" for steel 1" thick at 30,000 psi) the metal plate maybe regarded as a rigid body. Similarly, because of its low relative density, the mass of the porous medium is of negligible importance in its resistance to the movement of the plate. In the framework of these assumptions, the dynamics of the system maybe reconstructed from the stress-strain relationship of the porous medium and from conservation of energy. Figure 18 illustrates the relationship between the stress-strain curve in such a system and the overshoot pressure. Note that the overshoot pressure for the linear stress-strain curve is exactly twice the pressure applied as a "step wave", while that for the concave upward curve is greater and that for the convex upward curve is less than this.
Depending upon the shape of the stress-strain curve of the porous medium, the peak pressure applied to the rigid surface can vary from only a few per cent higher than the step wave applied to the free surface to many times this pressure. It is worth noting that the overshoot pressure is determined only by the "compression stroke" of the cycle so that the irreversibility of the compression of the material, which determines its energy absorption properties, has no effect.
The simplified cases discussed above are limiting cases chosen to illustrate various aspects of the behavior of structures in which porous media are combined with dense solids. In most real situations the effects discussed above are combined with other factors relating to the three dimensional continuity of the structure.
From the considerations discussed above, three rules-of-thumb for designers maybe derived. 1. In a sandwich structure a tnaximum attenuation of short shocks is obtained by the use of the greatest possible inapedance mismatch. In practice, this implies the choice of a porous medium which has as low a density and shock velocity as is consistant with other aspects of design.
2., Maximum energy absorption results from the lowest possible "coefficient of restitution" or the largest possible difference between the stress-strain curve in compression and recovery.
3, Pressure "overshoot" is minimized by the use of materials whose stress-strain curves are convex upward. Continuous media with such characteristics are relatively rare; two notable examples are ice and mild steel. In porous materials, the failure of the structure frequently results in effective upward convexity of the stress-strain curve (Fig. 19 ). This same failure can results in very low coefficients of restitution.
In selecting materials on the basis of these rules, consideration must be given to the fact that, for most materials, the properties involved vary with 
